Uridine insertion and deletion RNA editing generates functional mitochondrial mRNAs in Trypanosoma brucei. Editing is catalyzed by three distinct ∼20S editosomes that have a common set of 12 proteins, but are typified by mutually exclusive RNase III endonucleases with distinct cleavage specificities and unique partner proteins. Previous studies identified a network of protein-protein interactions among a subset of common editosome proteins, but interactions among the endonucleases and their partner proteins, and their interactions with common subunits were not identified. Here, chemical cross-linking and mass spectrometry, comparative structural modeling, and genetic and biochemical analyses were used to define the molecular architecture and subunit organization of purified editosomes. We identified intra-and interprotein cross-links for all editosome subunits that are fully consistent with editosome protein structures and previously identified interactions, which we validated by genetic and biochemical studies. The results were used to create a highly detailed map of editosome protein domain proximities, leading to identification of molecular interactions between subunits, insights into the functions of noncatalytic editosome proteins, and a global understanding of editosome architecture.
Uridine insertion and deletion RNA editing generates functional mitochondrial mRNAs in Trypanosoma brucei. Editing is catalyzed by three distinct ∼20S editosomes that have a common set of 12 proteins, but are typified by mutually exclusive RNase III endonucleases with distinct cleavage specificities and unique partner proteins. Previous studies identified a network of protein-protein interactions among a subset of common editosome proteins, but interactions among the endonucleases and their partner proteins, and their interactions with common subunits were not identified. Here, chemical cross-linking and mass spectrometry, comparative structural modeling, and genetic and biochemical analyses were used to define the molecular architecture and subunit organization of purified editosomes. We identified intra-and interprotein cross-links for all editosome subunits that are fully consistent with editosome protein structures and previously identified interactions, which we validated by genetic and biochemical studies. The results were used to create a highly detailed map of editosome protein domain proximities, leading to identification of molecular interactions between subunits, insights into the functions of noncatalytic editosome proteins, and a global understanding of editosome architecture.
cross-linking | proteomics | Trypanosoma brucei | RNA editing | editosome T he kinetoplastid Trypanosoma brucei is the causative agent of human African trypanosomiasis, which is transmitted by the tsetse fly and is a health threat to millions of people in subSaharan Africa. Kinetoplastids are named for their distinctive mitochondrial DNA network, known as the kinetoplast DNA, which is composed of interlocked DNA maxicircles and minicircles (1, 2) . Several identical maxicircles encode two ribosomal RNAs (rRNAs) and messenger RNAs (mRNAs) for 18 mitochondrial proteins, 12 of which undergo posttranscriptional RNA editing (3) (4) (5) (6) (7) (8) (9) . RNA editing was first described in kinetoplastids (6, 8, 9) , where it is essential (10) and involves insertion and deletion of uridines (Us) to generate translatable mitochondrial transcripts. The sequence information for editing is specified by ∼60-nucleotide guide RNAs (gRNAs) that are encoded in thousands of heterogeneous minicircles (11) (12) (13) (14) (15) (16) (17) . Editing occurs by rounds of coordinated catalytic steps that require a number of different enzymes: cleavage of the mRNA substrate by endonucleases, addition of Us by 3′ terminal uridylytransferase (TUTase) or removal of Us by U-specific 3′ exonuclease (exoUase) at insertion or deletion editing sites, respectively, and rejoining of mRNA fragments by RNA ligases. The enzymes that catalyze RNA editing in T. brucei are in ∼20S editosome complexes that also contain proteins with no known catalytic functions (16, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
There are three similar versions of ∼20S editosomes that have a common set of 12 proteins (SI Appendix, Fig. S1 and Table S1 ). However, they are compositionally and functionally distinct in that each contains a different single RNase III endonuclease with a uniquely associated specific partner protein, and a different editing site cleavage specificity (22) (23) (24) (25) (26) 29 ) (SI Appendix, Fig. S1 and Table S1 ). One complex contains the kinetoplastid RNA editing endonuclease (KREN)1/kinetoplastid RNA editing protein (KREP)B8 protein pair and kinetoplastid RNA editing exonuclease (KREX)1 and cleaves deletion editing sites. The other two complexes contain the KREN2/KREPB7 or KREN3/KREPB6 protein pairs and cleave insertion sites, albeit with different preferences. Direct interactions between the endonucleases and their partner proteins with each other, and with common editosome proteins, have not yet been identified.
The common set of proteins contains two related proteins, KREPB4 and KREPB5, each of which has a U1-like zinc-finger motif, a Pumilio/fem-3 mRNA binding factor (PUF) motif, and a degenerate RNase III domain (30, 31) . Mutation of KREPB4 and KREPB5 residues that are universally conserved in all known catalytic RNase III domains has no effect on editing or in vitro cleavage of editing sites (30) , whereas equivalent mutations in the RNase III domains of the KREN1, KREN2, or KREN3 endonucleases eliminate in vivo editing and in vitro cleavage of editing sites (22) . Because all characterized RNase IIIs function as dimers to cleave double-stranded RNA (dsRNA) (32, 33) , and because the endonucleases are each present as a single copy per editosome (23) , we have therefore hypothesized that the noncatalytic RNase III domain of KREPB4 and KREPB5 forms a heterodimeric RNase III active site with the editing endonucleases. Both KREPB4 and KREPB5 are also required for structural integrity of editosomes and are essential for cell growth and editing in vivo. Knockdown of KREPB4 expression results in loss of ∼20S editosomes and editosome proteins (34) , whereas loss of KREPB5 results in a dramatic loss of editosomes and editosome components in bloodstream form (BF) cells (35) , with retention of components and of complexes with smaller S values in insect, procyclic form (PF) cells (36) . No interactions for KREPB4 were identified in previous studies, and KREPB5 was shown only to interact with one protein, KREPA3 (37) (SI Appendix, Fig. S1 ). Thus, although KREPB4 and KREPB5 are essential for editosome integrity, very little is known about how they interact with other editosome proteins.
Common editosome proteins also include the related KREPA1 to -A6 proteins, which have C-terminal oligonucleotide/oligosaccharide Significance Trypanosoma brucei is a deadly kinetoplastid parasite that causes the human and veterinarian diseases African sleeping sickness and nagana. We combine chemical cross-linking and mass spectrometry, structural modeling, genetics, and biochemistry to define the global architecture of RNA editing "editosome" complexes in these parasites. Editosomes are unique to kinetoplastids, which also include Trypanosoma cruzi and Leishmania parasites that cause Chagas disease and Leishmaniases, respectively. Editosomes are essential for parasite viability and are promising drug targets. This work creates a comprehensive, highly detailed map of editosome protein proximities and interactions, and furthers our understanding of editosome protein function in T. brucei and other kinetoplastids, thus aiding the potential development of new therapeutics for the treatment of several different parasitic diseases.
binding (OB)-fold motifs (31) . KREPA1, -A2, and -A3 also each have two C2H2 zinc fingers. A combination of affinity purification, fractionation, yeast two-hybrid, and coimmunoprecipitation (co-IP) experiments previously showed that KREPA1 and KREPA2 are components of two different, stable heterotrimeric subcomplexes that are present in all editosomes and mapped a number of proteinprotein interactions within these subcomplexes (SI Appendix, Fig. S1 and Table S2 ). KREPA2 directly interacts with both the exonuclease KREX2 and the kinetoplastid RNA editing ligase (KREL)1 to form a ∼5-10S deletion subcomplex that catalyzes precleaved deletion editing (28, 37-39) (SI Appendix, Table S2 ). Furthermore, KREPA2 can enhance the enzymatic activity of KREL1 (39) . In a similar fashion, KREPA1 directly interacts with the TUTase KRET2 and the ligase KREL2 to form a ∼5-10S insertion subcomplex that catalyzes precleaved insertion editing (28, 37, 38) (SI Appendix, Table S2 ), and can enhance the enzymatic activity of KRET2 (28) .
The KREPA proteins KREPA3, -A4, and -A6 are each essential for the structural integrity of editosomes. Knockdown of KREPA3 results in a dramatic loss of editosome complexes in BF cells, whereas smaller complexes accumulate in PF cells (36, 40) , and mutational analysis in BF cells showed that the KREPA3 OB-fold is vital for the interaction of KREPA3 with the editosome (40) . PF knockdown of KREPA4 or KREPA6 also results in loss of editosome complexes (41) (42) (43) . Yeast twohybrid analyses and reconstitution experiments further indicated that KREPA3, -A4, and -A6 are part of an OB-fold network that that physically links the heterotrimeric insertion and deletion subcomplexes within ∼20S editosomes. KREPA6 can directly interact with the KREPA1 and KREPA2 OB-folds, KREPA4, and with the KREPA3 OB-fold (37, 38) (SI Appendix, Fig. S1 ). The KREPA3 OB-fold also interacts with the KREPA2 OB-fold (37) . The remaining KREPA family protein, KREPA5, was more recently identified as a common editosome subunit, and thus it was not included in previous analyses and has not yet been functionally characterized. A number of other proteins, KREPB9, KREPB10, and MEAT1, were also identified more recently and have been shown to copurify with the majority of proteins in ∼20 editosomes (27, 44) .
Thus, significant progress has been made to unravel the mechanism of RNA editing in T. brucei, the editosome protein inventory, and the functions of a number of individual editosome proteins. However, several key questions remain outstanding. Primary among these are a global understanding of the molecular interactions within editosomes, in addition to interactions between editosomes and other mitochondrial RNA processing complexes. Previous work described a total of 11 direct interactions between 10 common proteins, but these predominantly encompass the insertion and deletion subcomplexes, and the KREPA proteins linking them (37) (38) (39) (45) (46) (47) (SI Appendix, Fig.  S1 and Table S2 ). Other associations, for example between the endonucleases and the insertion subcomplex, and between endonuclease partner KREPB proteins and the deletion subcomplex, have been inferred (29) , but no direct interactions have been shown.
Knowledge of molecular interactions within editosomes is crucial to fully understand how editosomes discriminate among thousands of editing sites in multiple transcripts, and how the multiple catalytic steps of RNA editing are coordinated. Endonuclease interactions with other editosome proteins are particularly key, as substrate recognition and cleavage by these proteins are likely a major point of regulation during editing, and in differential editing between parasite life-cycle stages. To approach this problem, we have used chemical cross-linking combined with mass spectrometry (CXMS), together with genetic and biochemical analyses, to determine molecular proximities and interactions within and between editosome components. Using this approach we identified numerous intra-and interprotein cross-links for all editosome components, including those for which there was no prior information, such as the endonucleases KREN1 to -3, the endonuclease partner proteins KREPB6 to -8, KREPB4, KREPA5, and KREPB10. All crosslinks are fully consistent with editosome protein structures, and with all previously described protein-protein interactions between editosome subunits. Our work leads to a global, highly detailed map of editosome protein domain proximities and an understanding of editosome protein interactions and functions, particularly between the editing endonucleases, their associated partner proteins, and other common editing proteins.
Results CXMS of Editosomes. Editosomes were affinity purified from PF T. brucei using tandem affinity (TAP)-tagged KREN1 and also TAP-tagged KREPB5 (SI Appendix, Fig. S2 ). Western analysis of 10-30% (vol/vol) glycerol gradient fractions of KREN1-and KREPB5-TAP eluates revealed that we had isolated ∼20S complexes, and that ∼5-10S subcomplexes were also present in our preparations (SI Appendix, Fig. S2A ). The subcomplexes in KREPB5-TAP eluates predominantly contained KREPA2 and KREL1 and were deletion subcomplexes. In contrast, the subcomplexes in KREN1-TAP eluates primarily contained insertion subcomplexes, as seen by the greater abundance of KREPA1 compared with KREPA2 and KREL1. These observations are consistent with previous studies that indicated that KREPB5 is most stably associated with the deletion subcomplex (30) and the endonucleases primarily associate with the insertion subcomplex (23, 29) . The compositions of the complexes and subcomplexes in the two different purifications provided a rationale for subsequent analysis of both KREN1-TAP and KREPB5-TAP eluates.
We used CXMS to identify pairs of lysine and N-terminal residues that are in spatial proximity to each other in both KREN1-TAP and KREPB5-TAP preparations ( Fig. 1 and SI Appendix, Fig. S3 ). This approach identifies the specific crosslinked amino acid residues and uses distance constraints of the cross-linker to define the residues' proximity, thus revealing potential domain-domain interactions (48) . Each ∼20S editosome component, except KREPA4, contains many lysine residues distributed throughout the polypeptides (SI Appendix, Table S3 ), making editosomes good substrates for this technique. The TAP-tag purified complexes were cross-linked using the homo-bifunctional, amine reactive cross-linking reagent bis(sulfosuccinmidyl)suberate (BS3). The cross-linked samples were digested with trypsin, analyzed by mass spectrometry, and a database containing all known editosome proteins was searched to identify cross-linked peptides. KREN1-TAP and KREPB5-TAP complexes were each cross-linked with both 2 mM and 5 mM BS3 (SI Appendix, Fig. S2 B and C) , and the reactions were independently analyzed for protein cross-links. Results from both BS3 concentrations were then combined for each complex (SI Appendix, Table S4 and Datasets S1 and S2). Confidently identified cross-links (Datasets S1 and S2) were used to assemble site-specific linkage maps of all of the crosslinked residues between and within the editosome proteins ( Fig. 1 and SI Appendix, Fig. S3 ). From the KREN1-TAP purified editosome complexes we identified 81 unique interlinks (cross-links between different proteins) for 30 different protein pairs, and 54 unique intralinks (cross-links within the same protein) for 8 individual proteins (SI Appendix, Table S5 ). From the KREPB5-TAP purified complexes, we identified 278 interlinks between 68 protein pairs, and 247 intralinks within 19 proteins (SI Appendix, Table S5 ). Taken together, these combined datasets yielded a total of 345 unique interlinks between 77 protein pairs, and 279 unique intralinks within 19 proteins ( Fig. 1 and SI Appendix, Fig. S3 and Table S5 ).
To validate our cross-linking approach, we mapped crosslinked lysine pairs onto known 3D crystal structures (SI Appendix, Fig. S4 and Table S6 ) (45) (46) (47) (49) (50) (51) and comparative models (SI Appendix, Figs. S5 and S6 and Table S7 , and Dataset S3) of editosome proteins. Comparative models for parts of all subunits were built using ModPipe (52), HHPred (53), Modeler (54) , and Swiss-model (55), which generally identified templates similar to those previously used for comparative modeling for a number of proteins (Dataset S3) (56) . The BS3 cross-linker has a linker arm of 11.4 Å when fully extended and can cross-link two residues whose Cα atoms are up to 30 Å apart (57) . We measured the distances between the Cα atoms in the cross-linked lysine residues for 59 intralinks, and one interlink that could be mapped onto known structures and structural models (SI Appendix, Figs. S4-S6 and Tables S6 and S7). Of the 60 cross-links analyzed in this way, 56 have Cα-Cα distances <30 Å (SI Appendix, Fig. S7 ) and include all cross-links that were mapped onto known crystal structures. Taken together, these results indicate that our cross-linking data provide reliable restraints for visualizing and modeling the subunit architecture of T. brucei editosomes.
Architecture of the Heterotrimeric Insertion and Deletion Dubcomplexes.
We compared cross-links identified here by CXMS with previously published protein-protein interaction data to further validate our approach. All previously described interactions between editosome subunits are also found in our cross-linking data (SI Appendix, Table S8 ); this is particularly evident within the heterotrimeric insertion and deletion subcomplexes ( Fig. 2 A and B and SI Appendix, Table S2 ). Among the deletion subcomplex subunits KREPA2, KREL1, and KREX2, we detected many cross-links between KREPA2 and KREL1, predominantly involving the KREPA2 region that is flanked by the two zinc-finger motifs and the KREL1 C-terminal and ligase domains ( Fig. 2 A and B) . These cross-links reinforce the importance of the KREL1 C-terminal and ligase domains, which were previously shown to be important for KREL1 interaction with KREPA2, and integration into editosomes (37, 39, 58) . We observed extensive cross-linking between KREPA2 and KREX2, primarily between the same KREPA2 region and the N-terminal exonuclease domain of KREX2 ( Fig. 2 A and B) . We also identified cross-links between KREL1 and KREX2 that further support the conclusion that KREPA2, KREL1, and KREX2 form a stable subcomplex. Among the insertion subcomplex subunits KREPA1, KREL2, and KRET2, we found that KREPA1 was extensively cross-linked to both KRET2 and KREL2, predominantly involving the KREPA1 region flanked by the two zinc-finger motifs ( Fig. 2 A and B) . Cross-links were also identified between KRET2 and KREL2, providing further evidence that these three subunits form a tightly interlinked subcomplex. We did not observe any cross-links involving the N-terminal 200 amino acids of KREPA1 with other subunits, consistent with previous reconstitution studies that showed that the N-terminal ∼200 amino acids of KREPA1 are dispensable for interaction with KREL2 and KRET2 (37) .
Taken together, these results are completely consistent with the presence of the two stable heterotrimeric subcomplexes, and with previous protein-protein interaction studies (SI Appendix, Fig. S1 and Table S2 ). As indicated by cross-linking here ( Fig.  2A) , and supported by previous yeast two-hybrid analysis (SI Appendix, Table S2 ), the region flanked by the two zinc-finger motifs in both KREPA1 and KREPA2 is a particularly important topological feature for heterotrimeric subcomplex interactions of KREPA1 and KREPA2. This region, which we now term the anchor domain, does not possess obvious homology to any known structural motifs, but appears to be responsible for uniting KREL1 and KREX2 in the deletion subcomplex or KREL2 and KRET2 in the insertion subcomplex.
In addition, we also identified cross-links between the insertion and deletion subcomplexes, albeit at a lower frequency than cross-links within the individual subcomplexes (Fig. 2B) . In particular, we observed cross-links between KREL1 with all three insertion subcomplex components, and between KREL2 with all three deletion subcomplex components. This observation indicates that the insertion and deletion subcomplexes are in close physical proximity, and advances our understanding of heterotrimeric subcomplex interactions beyond the previously described data. A number of editosome proteins, including KREPB4, KREPA3, and KREPA6, are thought to have essential roles in the maintenance of editosome integrity. In accordance with this, we detected cross-links between each of KREPB4, KREPA3, and KREPA6 with both insertion and deletion subcomplex components, indicating that these proteins are in proximity to, and may physically bridge, the heterotrimeric subcomplexes (Fig. 2B ). We identified cross-links between KREPB4 with KREPA2, KREPA1, KRET2, and KREL2. We further identified cross-links between KREPA3 with KREPA1 and KREPA2, whereas KREPA6 cross-linked to KREPA2, KREX2, KREPA1, and KRET2 (Fig. 2B) . KREPA5 also formed cross-links to both KREPA1 and KREPA2, providing evidence for the position of KREPA5 within editosomes (Fig. 2B) . We also observed cross-links between KREPA3 and KREPA6, and KREPA6, KREPA5, and KREPB4 also all cross-linked to each other (Fig.  2B) , signifying that KREPB4 and the "KREPA" proteins together form a network that links the insertion and deletion subcomplexes.
We found comparatively few cross-links involving KREPA4, which could be because of the small number of lysine residues in this protein (SI Appendix, Table S3 ). The majority of cross-links that we observed for KREPA4 were to KREPB4, and we also found single cross-links between KREPA4 and KREPA6 ( Fig. 2 B and C) and KRET2 (Fig. 2B ). Yeast two-hybrid analysis had previously indicated that KREPA4 directly interacts with KREPA6 (SI Appendix, Fig. S1 ) (37) . Together with this previous data, our CXMS data reinforces the conclusion that KREPA4 is also part of the KREPB4/KREPA protein network that bridges the heterotrimeric subcomplexes.
Previous in vitro and structural studies suggested that the interactions between the KREPA proteins are mediated via their OB-folds (37, 45-47, 49, 59) . Indeed, here we identified an interprotein cross-link that maps onto structural models of a KREPA6-KREPA3 OB-fold dimer (SI Appendix, Fig. S4 ). Furthermore, our data showed cross-links between the KREPA1 OB-fold domain and the OB-folds of KREPA3, -A6, and -A5 (Fig. 2C ). However, cross-links between KREPA2 to other KREPA proteins predominantly involved a region in KREPA2 just N-terminal to the OB-fold. The previously described interactions of the OB-fold-containing proteins, which did not include KREPA5, led to the suggestion of a "five OB-fold center" in the core of the editosome that might perform a critical scaffold function (45) (46) (47) . In this model, KREPA6 and the OB-folds of three other KREPA proteins are arranged and interact as a "shifted heterotetramer," whereas another OB-fold interacts with KREPA6 in a different, as yet unknown, manner. Here, we have identified cross-links between all six of the KREPA proteins, including KREPA5, most of which are within or are in proximity to the OB-fold domains of these proteins (Fig. 2C) . This work therefore suggests a different model for an OB-fold interaction network that incorporates KREPA5, which we predict might also be essential for editosome integrity.
Endonuclease Association with Other Editosome Proteins. Direct interactions between the endonucleases and proteins common to all editosomes, in addition to their partner proteins, are a likely point of regulation during editing but have not yet been described. Using CXMS, we identified a number of interlinks between each of the three editing endonucleases and other editosome proteins (Fig. 3 A and B) . The KREN1-TAP preparation isolated only KREN1 editosomes, in which we detected 28 interlinks involving KREN1. The KREPB5-TAP preparation isolated all editosome complexes, in which we detected 21, 28, and 15 interlinks involving KREN1, KREN2, and KREN3, respectively. These cross-links are consistent with the presence of one type of editing endonuclease per complex (22, 23) , as we did not observe cross-linking between KREN1, KREN2, and KREN3 ( Fig. 3 A and B) .
In agreement with previous studies (23, 29) , the majority of cross-links involving all endonucleases were to the insertion subcomplex subunits KREPA1 and KRET2 (Fig. 3 A and B) . The C-terminal domains of all three endonucleases in particular are in proximity to the KREPA1 OB-fold, and the Poly(A) Polymerase (PAP) catalytic domain of KRET2 (Fig. 3B) . We additionally identified a small number of cross-links between the endonucleases and deletion subcomplex components, indicating that the endonucleases can bridge the heterotrimeric subcomplexes to some extent (Fig. 3 A and B) . KREN1 and KREN2 also cross-linked to the OB-fold of KREPA3, whereas all three endonucleases formed cross-links with KREPA6 and KREPB4, which also bridge the heterotrimeric subcomplexes (Fig. 3 A  and B) .
The proximity of KREPB4 to all endonucleases is intriguing given that KREPB4 is one of two editosome proteins, in addition to KREPB5, previously shown to contain a degenerate noncatalytic RNase III domain (30, 31) . We detected cross-links, and therefore proximity, between the RNase III domains of each of the endonucleases, and the region flanked by the U1-like zinc finger and RNase III domain, and the C-terminal domain in KREPB4 (Fig. 3 A and B) . Thus, equivalent domains of the different endonucleases are in proximity to the same regions of KREPB4, indicating that each of the endonucleases interacts similarly with KREPB4. We identified only a single cross-link between KREPB5 and an endonuclease, KREN2, suggesting that KREPB5 is not a major partner of the editing endonucleases in PF cells (Fig. 3 A and B) .
Endonuclease Association with KREPB6, -B7, -B8, and KREX1. In accordance with the unique association of KREN1, KREN2, and KREN3 with KREPB8, KREPB7, and KREPB6, respectively, we identified a small number of cross-links specific to these protein pairs (Fig. 3 A and B) . The KREN2 or KREN3 RNase III domains cross-linked with the C-terminal domains of KREPB7 or KREPB6, respectively, whereas the KREN1 U1-like zinc finger cross-linked with the N terminus of KREPB8 (Fig.  3B) . We did not observe cross-linking between noncognate partner protein pairs: for example, between KREN1 and KREPB6 or KREPB7. This observation provides evidence for proximity between the endonucleases and their uniquely associating partner proteins. Furthermore, we identified degenerate RNase III domains in KREPB6, KREPB7, KREPB8, and additionally KREPB9 and KREPB10 (Fig. 3C, SI Appendix, Fig.  S8 , and Dataset S3). Intralinks within KREPB8 and KREPB10 are consistent with the modeled structures of the newly identified domains (SI Appendix, Fig. S5 ) and with previous modeling of editosome proteins that also detected RNase III domains in KREPB6 and KREPB7 (56) . These degenerate RNase III domains are therefore also candidates for functioning as intermolecular heterodimers with their partner endonucleases, which requires further validation by alternative approaches.
Consistent with the unique association of KREX1 with KREN1 editosomes (22) , the KREN1 C-terminal domain cross-linked extensively with KREX1 ( Fig. 3 B and D) , providing evidence for direct proximity and interaction between these two proteins. Similarly to KREN1, KREX1 cross-links primarily with the insertion subcomplex components KREPA1 and KRET2 (Fig.  3D) . We also identified smaller numbers of cross-links between KREX1 and deletion subcomplex components KREX2, KREPA2, and KREL1, in addition to KREPA5 and KREPA6, indicating that like KREN1, KREX1 can also bridge the insertion and deletion subcomplexes (Fig. 3D ). Most KREX1 cross-links to other editosome proteins, including KREN1, involve the 5′-3′ exonuclease domain (Fig. 3D ).
Experimental Validation of Endonuclease Protein Proximities
Identified by CXMS. The proximity data obtained by CXMS provides experimentally testable predictions about the proteinprotein interactions that we sought to interrogate. To validate the proximities of different endonuclease domains with other editosome proteins, we first generated chimeric endonucleases that were expressed in PF cells (Fig. 4 A and B) . Chimeric KREN2-N1 fuses the KREN1 C-terminal domain to the N-terminal portion of KREN2 that contains the U1-like zinc finger, RNase III domain, and the PUF motif. KREN1-N2 is the reciprocal chimera (Fig. 4A) . These chimeric endonucleases have C-terminal TAP-tags that were expressed (Fig. 4B ) and used to isolate the resultant complexes. Western analysis of KREN2-N1-TAP complexes revealed robust signals for KREPA1, KREPA2, KREL1, and KREPA3 in relative amounts similar to the positive control 20S complexes, indicating that the KREN2-N1 chimera could assemble into editosome complexes (Fig. 4C) . Signals for all four proteins were much weaker following purification with KREN1-N2-TAP, and their relative abundances were altered such that KREPA1 was the predominant protein present in the sample (Fig. 4C) . This finding suggests that KREN1-N2 may disproportionately interact with editosome subcomplexes. Mass spectrometric analysis of these complexes supported this, as only peptides corresponding to KREPA1, KREPA3, and chimeric domains of KREN1 and KREN2 were detected across two different experiments (SI Appendix, Tables S9-S13). Mass spectrometric analysis of the complexes isolated by KREN2-N1-TAP purification revealed peptides corresponding to chimeric domains of KREN1 and KREN2, and to all proteins previously detected in KREN2-TAP editosomes (SI Appendix, Tables S9-S13), including the uniquely associating partner protein KREPB7. As for KREN2-TAP editosomes, peptides corresponding to KREPB6 or KREPB8 were not identified. Additionally, a number of peptides corresponding to KREX1 were also detected. Taken together, these results fully align with the CXMS data, and show that the C-terminal domain of KREN1 is sufficient for KREX1, but not KREPB8 interaction in KREN1 editosomes, whereas the N-terminal portion of KREN2 that contains the zinc finger, RNase III, and PUF motifs is sufficient for interaction with KREPB7.
To test the functional consequences of exclusive expression of the chimeric KREN2-N1 endonuclease, we inserted the coding sequence into the β-tubulin locus of BF KREN1 and KREN2 conditional null (CN) cells (24, 26) . In these cell lines both endogenous alleles of either KREN1 or KREN2 have been deleted, and a tetracycline (tet)-regulatable WT KREN1 or KREN2 allele has been inserted into the rRNA locus. Removal of tet leads to loss of WT KREN expression from the rRNA locus, and hence exclusive expression of the chimeric allele from the β-tubulin locus. Interestingly expression of KREN2-N1 can complement for the loss of KREN2 expression, but not for the loss of KREN1 (Fig. 4D ). This finding indicates that KREN2-N1 retains KREN2, but not KREN1, function, which is therefore specified in the portion of KREN2 that contains the U1-like zinc finger, RNase III domain, and PUF motif. This result is potentially via the ability of this region to associate specifically with KREPB7, but not KREPB8, as it has been shown that the presence of KREPB7 is required for KREN2 function (29) . The additional recruitment of KREX1 by the KREN1 C terminus does not interfere with KREN2 activity, nor is it sufficient for KREN1 function.
Differential Association of KREPB4 and KREPB5 with Endonuclease
Partner Proteins and Other Editosome Proteins. KREPB4 and KREPB5 have different patterns of cross-linking within editosomes, suggesting that they are in proximity to different proteins and are functionally distinct, despite sharing common protein domains (31) . For example, we identified cross-links between KREPB4, but not KREPB5, with the endonuclease partner proteins KREPB6 and KREPB7 (Fig. 5A) . The C-terminal domains of KREPB6 and KREPB7 form cross-links with the same regions of KREPB4 as the endonucleases (Fig. 5B) , providing further evidence that KREPB4, but not KREPB5, is a major interaction partner of the editing endonucleases in PFs.
Like the endonucleases, KREPB4 forms cross-links with both insertion (KRET2, KREPA1, and KREL2) and deletion (KREPA2) subcomplex components, whereas KREPB5 forms cross-links to KREPA2 (Fig. 5) . We did not observe any crosslinks between KREPB5 and insertion subcomplex components. Considerable cross-linking between KREPB5 and KREPA2 is consistent with the preferential association of KREPB5 with the deletion subcomplex, and was expected given the results of fractionation of the KREPB5-TAP complexes used for CXMS (SI Appendix, Fig. S2A ).
We also identified differential cross-linking between KREPB4 and KREPB5 and the remaining KREPA proteins, with the exception of KREPA6 (Fig. 5) . KREPB4 cross-linked to both KREPA4 and KREPA5 whereas, consistent with previous studies (SI Appendix, Fig. S1 ) (36, 37) , KREPB5 formed crosslinks with the OB-fold of KREPA3 (Fig. 5) . The C-terminal domains of both KREPB4 and KREPB5 are the major sites of cross-linking to the KREPA proteins (Fig. 5B) , including KREPA1 and KREPA2, suggesting that they are pivotal sites for interaction with OB-fold domain proteins in editosomes. The C-terminal domains of KREPB4 and KREPB5 do not possess detectable homology to known protein motifs, but a recent random mutagenesis screen for amino acid substitutions that inhibit KREPB5 in BF cells identified two C-terminal substitutions that resulted in inhibition of cell growth, RNA editing, and loss of 20S editosome complexes (60) , underscoring the importance of this domain for KREPB5 function. Intriguingly, these C-terminal substitutions, in addition to others in the RNase III domain of KREPB5, did not have the same inhibitory effects on RNA editing in PF parasites (60) , despite the fact that KREPB5 is essential in both life-cycle stages for cell growth and RNA editing.
Experimental Validation of KREPB5 Protein Proximities Identified by
CXMS. To further analyze the in vivo function of the KREPB5 C-terminal domain in both BF and PF, and validate its interactions with KREPA proteins, we generated a truncation mutant of KREPB5 that contains the zinc-finger motif, the degenerate RNase III domain, and the PUF motif, but lacks the entire C-terminal region (Fig. 6A) . The mutant allele was tagged with a V5-epitope tag and inserted into the β-tubulin locus of BF and PF KREPB5 CN cells (35, 36) . Exclusive expression of truncated KREPB5 in the absence of tet resulted in the cessation of growth of both BF and PF cells, indicating the truncated protein could not complement for the loss of KREPB5 in either life-cycle stage, whereas exclusive expression of V5-tagged WT KREPB5 resulted in normal growth of both BF and PF cells (Fig. 6B) . The effects of exclusive expression of C-terminally truncated KREPB5 on BF and PF RNA editing in vivo were assessed by quantitative RT-PCR (RT-qPCR) (Fig. 6C) . The abundance of pre-edited, edited, and never-edited mitochondrial mRNAs were determined in BF and PF cells that were exclusively expressing WT or truncated mutant alleles, relative to the corresponding cells in which the WT tet-regulatable KREPB5 allele was also expressed. Exclusive expression of WT KREPB5 did not alter the relative levels of mitochondrial mRNAs, whereas exclusive expression of the C-terminal truncation mutant resulted in dramatic reductions in the relative levels of all of the edited transcripts analyzed in both BF and PF cells, similar to those observed upon loss of KREPB5 (36) . We observed a reduction in BF edited mRNAs of 82% or more, and the levels of edited CYb, COII, COIII, MURF2, and ND3 were below detection. In PF they were reduced by between 83% (ND7) and 97% (COIII), and edited ND3 was not detected (Fig. 6C and SI Appendix, Fig. S9A ). This finding indicates that the KREPB5 C terminus is essential for RNA editing in both life-cycle stages.
The effects of KREPB5 C-terminal truncation on editosomes in BF and PF were also evaluated by IP of V5-tagged truncated or WT KREPB5, and by glycerol gradient sedimentation of mitochondrial lysates. IP with anti-V5 antibodies showed no coprecipitation of editosome components in BF cells that exclusively express truncated KREPB5 (Fig. 6D) . These cells also have much-reduced levels of editosome components compared with cells that express WT KREPB5. In contrast, PF cells that exclusively express truncated KREPB5 have comparable levels of editosome components as cells expressing WT KREPB5. KREPA1, KREPA2, KREL1, KREPA3, and KREPA6 did coprecipitate in PF cells that exclusively express truncated KREPB5, but to a much-reduced extent compared with cells exclusively expressing WT KREPB5 (Fig. 6D) . Comparison of the relative abundances of KREPA1, KREPA2, KREL1, and KREPA3 precipitated by WT and truncated KREPB5 revealed a preferential loss of KREPA3 in the truncated KREPB5 sample. As expected, glycerol gradient analysis revealed that ∼20S complexes were lost in BF that exclusively express truncated KREPB5 (SI Appendix, Fig. S9B ). In contrast, complexes were retained in PF but they were shifted to smaller S values. In both BF and PF, the V5-tagged truncated mutant did not cosediment with ∼20S editosomes, indicating that it could not be incorporated correctly into editosome complexes. Thus, as predicted by KREPB5 cross-linking, the presence of the KREPB5 C-terminal domain is essential for KREPB5 function in both lifecycle stages and for the integration of KREPB5 into editosome complexes, where it is a pivotal site for interaction with OB-fold domain KREPA proteins in PF editosomes.
Discussion
Editosomes are ∼20S multiprotein complexes containing the enzymes that catalyze cycles of RNA editing, as well as proteins that have no known catalytic functions (16, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Biochemical and genetic experiments have predominantly revealed a network of protein-protein interactions that link two heterotrimeric subcomplexes within editosomes (23, 29, 30, (37) (38) (39) (45) (46) (47) . However, the direct interactions of a variety of editosome proteins, including those that act at potentially key points of regulation during editing, were previously unidentified. Here, CXMS was used to understand both the global organization and detailed molecular architecture of editosome protein complexes. We identified numerous intra-and interprotein cross-links for all editosome components, including those that lacked any direct interaction data, such as the endonucleases KREN1 to -3, the endonuclease partner proteins KREPB6 to -B8, KREPB4, KREPA5, and KREPB10. Identified cross-links are consistent with previously described editosome protein structures, comparative protein models, and all characterized protein-protein interactions between editosome subunits. Furthermore, we experimentally validated new interactions that were predicted by CXMS. This work generates a detailed map of editosome protein domain proximities and identifies molecular interactions between editosome components, thus providing insights into the functions of a number of editosome proteins, and expanding our understanding of the global architecture of editosome complexes.
We observed numerous cross-links within the editosome heterotrimeric insertion and deletion subcomplexes, all of which were consistent with previous mapping of direct protein-protein interactions. Of particular note is the extensive cross-linking of the KREPA1 and KREPA2 anchor domains with their subcomplex interaction partners. In contrast, the OB-fold domains of both KREPA1 and KREPA2 did not have any cross-links with their interaction partners within the subcomplexes. This finding suggests that the anchor domains of KREPA1 and KREPA2 are the main interaction domains that unite deletion or insertion subcomplex subunits, and that the OB-fold domains in KREPA1 and KREPA2 are available for interactions with proteins other than subcomplex components or with RNA substrates (61, 62) . Indeed, the availability of the KREPA1 and KREPA2 OB-folds for substrate binding is potentially vital for KREL1 and KREL2 activity. This is because KREL1 and KREL2 lack their own OB-fold domain, unlike the majority of DNA ligases and mRNA capping enzymes that have substrate-binding OB folds in addition to catalytic domains. It was previously hypothesized that KREPA1 and KREPA2 provide the OB-fold in trans to promote binding of the ligases to RNA substrates (45) , and the cross-linking observed here within the heterotrimeric subcomplexes is consistent with this hypothesis.
Our CXMS data further indicate that the insertion and deletion subcomplexes are not fully separated within editosomes, as is typically shown in models of editosome protein organization (e.g., SI Appendix, Fig. S1 ), but are in close physical proximity. This could have implications for our understanding of subcomplex-and specifically KREL1 and KREL2-function. A simple model evokes parallel functions for the ligases, with KREL1 within the deletion subcomplex specifically catalyzing ligation at deletion editing sites, and KREL2 within the insertion subcomplex specifically catalyzing insertion editing site ligation. However, previously published data also suggest that KREL2 has a nonessential role in editing, and that the essential KREL1 is responsible for ligation at both insertion and deletion sites (63) . The close physical proximity of the insertion and deletion subcomplexes observed here is consistent with this hypothesis, as it could allow KREL1 to ligate at insertion sites following KRET2 catalyzed U addition.
Previous studies principally described protein-protein interactions between insertion and deletion subcomplex components. Notably, here we have advanced our understanding of editing endonuclease interactions with both their specific partner proteins and common editing proteins, which had previously remained enigmatic. This study corroborates the presence of only one type of endonuclease per editosome complex, and indicates that KREN1, KREN2, and KREN3 associate with editosomes in generally similar fashions, as each of the three editing endonucleases has comparable proximities to common editosome proteins. Indeed, in the example of KREPB4, which crosslinks to each of the endonucleases, the same regions of KREPB4 are in proximity to corresponding parts of each of the different endonucleases. Each endonuclease primarily formed cross-links with insertion subcomplex components KREPA1 and KRET2, but could also cross-link with KREPA2 (KREN1 and KREN3), and KREL1 (KREN2), indicating that they all bridge the insertion and deletion heterotrimeric subcomplexes to some extent. Each endonuclease also formed cross-links with KREPA6 and KREPB4 that similarly bridge the insertion and deletion subcomplexes, whereas KREN1 and KREN2 also cross-linked with KREPA3. RNAi knockdown of KREPA3 in PF results in partially disrupted editosomes that specifically lack endonuclease cleavage activity in vitro (40, 64) , supporting endonuclease proximity and interaction with KREPA3.
This study provides evidence for proximity between the endonucleases and their KREPB6, KREPB7, KREPB8, and KREX1 partner proteins. We found no evidence for proximity between noncognate endonucleases and partner proteins-for example, KREN1 and KREPB7 or KREPB6-despite our KREPB5-TAP preparation containing all proteins needed for every combination, consistent with unique associations between KREN1/KREPB8/KREX1, KREN2/KREPB7, and KREN3/ KREPB6. Furthermore, through affinity purification of proteins that can associate with chimeric KREN1 and KREN2 endonucleases, we were able to validate endonuclease and partner protein domain proximities and interactions identified by CXMS. We showed that the N-terminal portion of KREN2 that contains the zinc finger, RNase III, and PUF motifs is sufficient for interaction with KREPB7, whereas the C-terminal domain of KREN1 is sufficient for KREX1, but not KREPB8 interaction. We also observed cross-linking between the KREX1 exoUase and a range of different editosome subunits in addition to KREN1. This finding is in contrast to the KREX2 exoUase, which primarily cross-linked to KREPA2 and KREL1 within the deletion subcomplex. KREX2 is dispensable, whereas KREX1 is essential for normal cell growth and RNA editing in vivo (65, 66) . Thus, the distinct cross-linking patterns of KREX1 and KREX2 that we describe herein reflect the differential requirement for the two exoUases in vivo, where KREX1 mediates most editing exoUase activity, and as a result must interact with a variety of subunits as editing progresses.
The cross-linking evidence reinforces the model that catalytic RNase III domains in KREN1, KREN2, and KREN3 form heterodimers with proteins that possess a degenerate RNase III domain, particularly with KREPB4. Indeed, herein we also identified degenerate RNase III domains in the endonuclease partner proteins KREPB6, KREPB7, KREPB8, and additionally KREPB9, and KREPB10, by comparative protein structure modeling (SI Appendix, Fig. S8 and Dataset S3). Although we obtained relatively few cross-links between these proteins and the endonucleases, those that we did identify are consistent with heterodimerization. Affinity purification of chimeric KREN1 and KREN2 endonucleases also showed that the endonuclease N-terminal region that includes the RNase III domain is the site of association with the relevant endonuclease partner protein, supporting a model in which RNase III domains in endonuclease partner proteins, in addition to KREPB4, can heterodimerize with the editing endonucleases. The presence of multiple potential RNase III heterodimers within the same complex that might recognize different RNA substrates would be unprecedented among known RNase III proteins, and may contribute to understanding how different editosomes specifically cleave at numerous different insertion and deletion sites. Such intermolecular heterodimers could cleave mRNA, and leave gRNA intact. An analogous RNase III mechanism has been described, as an artificial bacterial RNase III heterodimer with a single functional catalytic site can nick dsRNA (67, 68) . Curiously, recent data indicate that editing consumes gRNAs, as inactivation of KREPA6 or KRET2 results in gRNA accumulation (69) . The mechanism responsible for editing-mediated gRNA turnover is unknown, however, and it may be unrelated to the cleavage activities of editosomes. A clearer view on gRNA metabolism will require additional experimentation.
Full mechanistic understanding of the progression and control of cycles of insertion and deletion editing within mitochondrial transcripts is hindered by the lack of high-resolution structures of editosomes. Our CXMS data creates a detailed framework for the global architecture of editosome complexes, and can therefore provide context to reinterpret existing low-resolution electron microscopy data. For example, electron microscopy images of TAP-purified editosomes from T. brucei and Leishmania tarentolae revealed bipartite particles composed of two approximately equally sized, but structurally different globular domains that are connected via an interface (70, 71) . These studies also indicated that most editosome proteins are likely present as single copies in the complex, although the exact stoichiometry of editosomes remains unknown. Although the resolution of these structures precludes precise assignment of each editosome protein, they are consistent with the insertion and deletion heterotrimeric subcomplexes being bridged by a group of proteins, including KREPB4, KREPA6, KREPA3, and KREPA4. Using our CXMS data to orient protein positions, we can expand that hypothesis to include both endonucleases and their partner proteins. Protrusions from this bridging interface observed by electron microscopy could correspond to an editing endonuclease and associated partner proteins, which we now know crosslink with bridging proteins KREPB4, KREPA6, and KREPA3. Significant structural diversity within the population of electron microscopy images of editosomes included a subset of ∼20S complexes with additional density. This added density could correspond to either KREX1 or to KREPB10, which cross-linked specifically with KREN1. Further investigation will be needed to determine if these hypotheses are correct.
The editosome architecture identified in this study can also act as a reference for future studies to examine differential editing between life-cycle stages. A number of transcripts are differentially edited between BF and PF cells (3) (4) (5) (6) (7) (72) (73) (74) . The molecular basis for this developmental regulation remains unknown, although a growing body of evidence shows that elimination or mutation of the same editosome protein differentially affects RNA editing in BF and PF parasites, and similar results have been observed with other mitochondrial RNA processing protein complexes (36, 60, 75) . Indeed, KREPB5 is an example of such a protein, where knockdown (36), or truncation of the C-terminal domain (reported here) results in a dramatic loss of editosomes and editosome components in BF, but retention of components and of complexes with smaller S values in PF. This finding indicates that that there are intrinsic differences between BF and PF editosomes, and other complexes as well. If differences in editosome cross-linking are observed between PF and BF, they could provide insight into these recently identified developmental changes in function.
In addition to providing insight into the global editosome architecture, the CXMS data from our work can similarly improve structural modeling of individual proteins. Crystal structures have previously been solved for only three editosome proteins [KREPA6 (46, 47, 49) , KRET2 (50) , and KREL1 (51)], and for specific domains of two others [KREPA1 (45) and KREPA3 (46, 47) ]. The structures of all other editosome proteins remain unknown. Here, we built comparative models for editosome protein domains that were generally consistent with intralink distances in CXMS. These models suggest new functions for a number of proteins, exemplified by the modeling of RNase III domains in KREPB6 to -B10. The combination of known crystal structures and comparative protein modeling with our cross-linking data will provide highly reliable restraints toward the first atomic resolution ∼20S editosome structure. This will ultimately provide a structural framework for understanding how editosomes function during RNA editing in kinetoplastids, thus aiding the development of new therapeutics that will treat human African trypanosomiasis, Chagas disease, and leishmaniases.
Materials and Methods
See SI Appendix, SI Materials and Methods for details of T. brucei growth and genetic manipulation, TAP, IP, glycerol gradient fractionation, Western blotting, RT-qPCR analysis, and homology modeling.
For CXMS, TAP-purified editosome complexes were mixed with 2 mM or 5 mM BS3, quenched, digested with trypsin, and peptides were fractionated by strong cation-exchange chromatography and analyzed by MS. Crosslinked peptides were identified by searching the MS data against appropriate databases using pLink (76) and Nexus (48, 77) . A 5% false-discovery rate was used for both pLink and Nexus searches. Details are provided in SI Appendix, SI Materials and Methods.
